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Ab-initio calculations based on density functional theory with local spin density approximation
are used to study defects-driven magnetism in bulk α-Li3N. Our calculations show that bulk Li3N
is a non-magnetic semiconductor. Two types of Li vacancies (Li-I and Li-II) are considered, and Li-
vacancies (either Li-I or Li-II type) can induce magnetism in Li3N with a total magnetic moment of
1.0 µB which arises mainly due to partially occupied N-p-orbitals around the Li vacancies. The defect
formation energies dictate that Li-II vacancy, which is in the Li2N plane, is thermodynamically more
stable as compared with Li-I vacancy. The electronic structures of Li-vacancies show half-metallic
behavior. On the other hand N-vacancy does not induce magnetism and has a larger formation
energy than Li-vacancies. N vacancy derived bands at the Fermi energy are mainly contributed by
the Li atoms. Carbon is also doped at Li-I and Li-II sites, and it is expected that doping C at Li-I
site is thermodynamically more stable as compared with Li-II site. Carbon can induce metallicity
with zero magnetic moment when doped at Li-I site, whereas magnetism is observed when Li-II
site is occupied by the C impurity atom and C-driven magnetism is spread over the N atoms as
well. Carbon can also induce half-metallic magnetism when doped at N site in Li3N, and has a
smaller defect formation energy as compared with Li-II site doping. The ferromagnetic (FM) and
antiferromagnetic (AFM) coupling between the C atoms is also investigated, and we conclude that
FM state is more stable than the AFM state.
PACS numbers: 71.20.Dg, 71.55.-i, 75.50.Pp, 72.80.Sk,75.30.Hx
I. INTRODUCTION
Progression in the spintronics paradigm,1–3 exploiting
both the charge and the spin degree of freedom of an
electron, has grabbed an extended attention. In this
context, many diluted magnetic semiconductors (DMS)
have been discovered in the past to exhibit room tem-
perature (RT) ferromagnetism when doped with tran-
sition metals (TM).4–6 However, the controversial ori-
gin of magnetism in these materials and the observa-
tion of magnetic clusters or secondary phases7,8 limit
their functioning for practical applications. Intrinsic de-
fects, like vacancies, have been significant for magnetism
in semiconductors,9–11 having different origins of ferro-
magnetism owing to different crystal environment and
local symmetry. Doping a nonmagnetic semiconductor
with nonmagnetic impurity atoms, generally the light el-
ements such as C, N, and Li12–15 has been found as an
alternative to TM doped semiconductors. In this quest,
several light element-doped oxides, nitrides and sulphides
have been reported to display intrinsic ferromagnetism,
where the p-orbitals of the impurity atoms play a cru-
cial role in deriving magnetism in the host material and
can also be expected to form an impurity band in the
bandgap including the Fermi energy (EF) of the other-
wise nonmagnetic semiconductor matrix.16–20 In addition
to induce magnetism, light elements have also been ob-
served to stabilize the intrinsic defects in the host mate-
rial by lowering their formation energies.21,22 Such DMSs
have a considerable magnetic moment and their Curie
temperature Tc is well above the RT, thus demonstrat-
ing their viability for spintronics.
Lithium nitride (Li3N) can be another possible can-
didate for DMSs which exists in three polymorphs, the
hexagonal α-Li3N which is stable at room temperature
and pressure and is synthesized from the elements at el-
evated temperature and ambient conditions, the hexag-
onal β-Li3N which is obtained from the α form and is
stable at moderate pressure (4.2 kbar and 300 K) and
cubic γ-Li3N which transforms from the β phase and
remains stable upto 200 GPa.23,24 Li3N has an excep-
tionally high Li ion conductivity due to intrinsic defects
which results in Li-ion hoping from one Li site (occu-
pied) to another (unoccupied).25 It is used in hydrogen
storage battery technology due to its high theoretical H2
capacity,26,27 and is also a component used in the syn-
thesis of nanophase GaN.28 In the past Li3N also served
as a host for ferromagnetism induced by TM like Mn, Fe,
Co and Ni.29–31 Li vacancies in Li3N are also found to be
magnetic.32 Very recently we also observed magnetism in
the Li2N monolayer without any crystal defects.
33
α-Li3N has a unique hexagonal crystal structure with
four atoms per unit cell, at ambient conditions and equi-
librium pressure [Fig. 1]. The unit cell parameters are
a = 3.648 A˚ and c = 3.874 A˚ with the symmetry point
group of D16h (space group P6/mmm).34 α-Li3N has
a layered structure, consisting of Li2N layers which are
widely separated by a pure Li-atoms layers, where Li-
atoms occupy a site between the N atoms in the adjacent
layers. There are two types of Li atoms, denoted as Li-
I and Li-II, in Li3N. Li-I atoms occupy the 1b Wyckoff
positions (x = 0, y = 0, z = 1/2), whereas Li-II atoms
occupy the 2c positions (x = 1/3, y = 2/3, z = 0), and
the N atoms are at the 1a positions (x = 0, y = 0, z = 0).
The Li2N layer is formed by Li-II in the ab plane with
edge-shared N-Li6 hexagons and Li-I positions between
layers to form continuous Li-I-N-Li-I chains along the c
axis. In Li3N the N atoms have eight Li atoms as near-
2est neighbors in which two atoms are at 1.94A˚ distance
along the c axis and six Li atoms at 2.10A˚ in the ab
plane. Due to different coordination number and bond
lengths in Li3N, it is expected that Li3N will have differ-
ent properties induced by defects at Li-I and Li-II sites.
X-ray diffraction and powder neutron diffraction stud-
ies also reported 1-2% vacancies in the Li-II position at
room temperature,35 and the concentration of vacancy
can go up to 4% at high temperatures. Therefore, it
is very important to investigate the electronic structure,
thermodynamics, and possible magnetism driven by de-
fects at different lattice sites (Li-I, Li-II, N) in Li3N and
propose a new DMS system based on light elements (Li,
C, N) instead of TM.
II. COMPUTATIONAL METHOD AND
MODELS
We performed ab-initio calculations in the framework
of density functional theory (DFT)36,37 using linear com-
bination of atomic orbitals (LCAO) as implemented
in the SIESTA code.38 The local density approxima-
tion (LDA)39 was adopted to deal with the exchange-
correlation functional. A cutoff energy of 200 Ry for
the real-space grid was adopted and for the Brillouin
zone sampling a 16 × 16 × 8 Monkhorst-Pack (MP) k-
point grid was used for the unit cell and a 6 × 6 × 3
MP k-point grid was used for the 2 × 2 × 2 super-
cell in the electronic structure calculations. We em-
ployed standard norm-conserving pseudopotentials in
their fully nonlocal form. For the pseudopotentials, we
used a TroullierMartins40 form for Li (2s12p03d0) and
N (2s22p33d0). A double-ζ polarized (DZP) basis set
for all atoms are employed. The atomic positions were
optimized, using the conjugate-gradient algorithm, un-
til the residual Hellmann-Feynman forces were reduced
to less than 0.05 eV/A˚. Note that convergence with re-
spect to k-point sampling and cutoff energy was care-
fully checked. Test calculations were also carried out
using generalized gradient approximation (GGA).41The
LDA/GGA Hamiltonian was solved using the diagonal-
ization method as implemented in the SIESTA code.
We considered different types of defects including the
Li and N vacancies and C doping at various atomic sites
to investigate magnetism in the bulk Li3N using a 2 ×
2 × 2 supercell of the primitive cell of Li3N. Since the
formation energy (Ef) is the cost of inducing defects in a
crystal, and the concentration of dopant and vacancies in
a crystal depend upon its formation energies, therefore
we determined the formation energies for systems with
intrinsic defects, i.e., Li or N vacancy as follows,
Ef = E
d − Ep + nµx (1)
where µx is the chemical potential of x (x= Li, N), n
represents the number of atoms removed from the system,
Ed is the total energy of Li3N with a single Li or N
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FIG. 1. (Color online) (a) Crystal structure of a 2×2×2 su-
percell of α-Li3N, consisting of 32 atoms. Yellow and red balls
represent Li-I and Li-II atoms, respectively, whereas green
balls show the N atoms. Labels indicate the atomic sites
where defects are introduced.(b) Magnetic coupling between
the C atoms in the (110) plane. C0 (brown ball) is the cen-
tral C atom doped at N site, whereas C1 atoms (blue balls)
show the case when C0–C1 is 3.63 A˚. C2 atoms (grey balls)
represent the case when C0–C2 is 4.98 A˚. Yellow (green) balls
represent the Li-I(N) atoms. Arrows indicate the direction of
spin-magnetic moment in AFM configuration.
vacancy per supercell. Here, it is important to mention
that we created two types of Li vacancies (Li-I and Li-
II), therefore Ed is different for each case. Ep represents
the total energy of pure Li3N supercell. The chemical
potential of Li (µLi) is calculated as, µLi = E (Li), where
E (Li) is the total energy per atom of BCC Li and that
of N is calculated as µN =
1
2
[E (N2)], where E(N2) is the
total energy of N-molecule.
The formation energy of the C-doped systems is calcu-
lated as,
Ef =
1
n
(Ed − Ep + nµx −mµc) (2)
where µx and µc are the chemical potentials of x(x
= Li, N) and C respectively, n shows the number of
atoms removed from the system, m is the number of
atoms added to the system, and Ed is the total energy
of the corresponding C-doped systems. The chemical
potential of C is calculated as, µC = E (C), where E
(C) is the total energy per atom of the diamond C. The
formation enthalpy ∆Hf of bulk Li3N is calculated as
∆Hf = µLi3N − 3µLi − µN, where µLi3N is the total en-
ergy of bulk α-Li3N. The formation energies of all defects
were calculated under both Li-rich (N-poor) and N-rich
(Li-poor) conditions following our previous approach.21
Note that in the present manuscript we will only present
our LSDA data, and GGA data will be presented for
comparison wherever it is required. In the above equa-
tions, negative formation energy means that the system
is thermodynamically more stable as compared with pos-
itive formation energy.
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FIG. 2. The calculated band structure of pristine 2 × 2 ×
2 supercell of Li3N (a), Li-I vacancy (b), Li-II vacancy (c),
C-doped at Li-I (d), C-doped at Li-II (e), N-Vacancy (f),
and C doped at N site in 2 × 2 × 2 supercell of Li3N (g).
The solid and dashed lines show the spin-up and spin-down
electrons, respectively. The horizontal line shows the Fermi
energy which is set to zero eV.
III. RESULTS AND DISCUSSIONS
Using the experimentally determined c/a (1.062), we
optimized the lattice constant a of the α-Li3N with LSDA
and found its value ∼ 3.42 A˚, whereas previously de-
termined LDA and experimental values are 3.5 A˚42 and
3.648 A˚,35,43 respectively. Whereas the GGA calculated
value is 3.65 A˚, which is comparable with the previous
GGA data.44 Using the optimized lattice constants, the
calculated ∆Hf is -3.10 (-1.69) eV with LSDA (GGA)
whereas the experimental and the previous GGA values
are -1.73 eV45 and -1.59 eV,44 respectively. We repeated
the same calculations using the QE code46 with LSDA
and got similar results to SIESTA. Hence, we conclude
that LSDA underestimates the structural properties of
bulk Li3N. However, we didn’t find any significant differ-
ence in the magnetic properties (which is the core of the
subject) either using LSDA or GGA. We also calculated
the electronic band structure of bulk Li3N, using both
the non-spinpolarized (non-magnetic NM) and the spin-
polarized (magnetic M) DFT calculations and obtained
similar results in both cases.33 Our calculations predict a
direct band-gap (Γ-Γ) ∼ 2.0 eV, whereas its experimen-
tal value is 2.2 eV. Both the values are in close agree-
ment. Note that band-gap was calculated as |Ec − Ev|,
where Ec (Ev) is the conduction (valence) band mini-
mum (maximum) energy. Bulk Li3N possesses an ionic
nature with maximum charge concentrated around the N
sites and a slight charge distribution observed near the
Li sites.33 The calculated spin-polarized total and atom-
projected (P) density of states (DOS),(see Ref.33), reveal
the absence of exchange splitting, which is a sign of non-
magnetic behavior. These results confirm that bulk Li3N
has a non-magnetic and semiconducting character in its
pure form which is consistent with the previous results.47
Therefore, here we propose that magnetism in bulk Li3N
can be induced either by generating native defects (i.e.,
TABLE I. Calculated formation energies (in eV) under Li-
rich and N-rich conditions of different systems (Sys). The last
column lists magnetic moments (M) per supercell calculated
in units of µB. Values in parentheses are calculated with
GGA.
Sys Li-rich N-rich M
VLi−I 3.38 (2.54) 0.28 (0.84) 1.00 (1.00)
VLi−II 1.72 (1.07) -1.38 (-0.63) 1.00 (1.00)
CLi−I 3.06 (2.05) -0.04 (0.35) 0.00 (0.00)
CLi−II 6.53 (5.73) 3.42 (4.03) 1.00 (1.00)
VN 2.10 (2.54) 5.20 (4.24) 0.00 (0.00)
CN 2.41 (3.07) 5.51 (4.77) 1.00 (1.00)
Li or N vacancy) or doping C at Li or N lattice sites.
In this regard we analysed different defect-induced sys-
tems of Li3N by studying their electronic and magnetic
properties in detail.
A. Li vacancy
To study defects-driven magnetism, we considered a
2 × 2 × 2 supercell of bulk Li3N and calculated its total
energies in the NM and M states, and we confirmed that
bulk pristine 2 × 2 × 2 supercell is NM. As bulk Li3N
has two types of Li-atoms, so we also analysed the band
structure (see Fig. 2(a)) and electronic density of states
which are shown in Fig. 3(a). Fig. 2(a) clearly shows that
2× 2× 2 bulk Li3N is a semiconductor and the electronic
dispersion increases along the G−M direction. Fig. 3(a)
further shows that the valence band is mostly dominated
by the N-p orbitals whereas the conduction band has Li-s
character. The Li-II forms a narrow band as compared
with Li-I atom and as Li-I-N bond length is smaller than
the Li-II-N bond length, the hybridization of Li-I with
N is stronger around 1 eV below the Fermi energy. The
different behavior of Li in bulk Li3N suggests that defects
can have different properties at Li-I and Li-II sites.
To search for possible magnetism induced by defects,
we considered two kinds of Li vacancies in a 2 × 2 × 2
supercell of bulk Li3N. We, therefore, propose two differ-
ent systems, i.e., Li-I vacancy (VLi−I) system and Li-II
vacancy (VLi−II) system (see Fig.1). The total energies
of both the systems were calculated in the NM and M
states, and we found that M state is more stable than
the NM state. We, then, used the total energies and elec-
tronic structures in the M state for further analysis. We
calculated the formation energy of each defect-induced
system using Eq. (1) under Li-rich and N-rich conditions,
and the values are summarized in Table I. The calculated
formation energies for VLi−I and VLi−II systems are 3.38
(0.28) eV and 1.72(- 1.38) eV in Li-rich (N-rich) condi-
tions, respectively, thus it easier to generate VLi−II (in
Li2N plane) than VLi−I under N-rich condition–similar
4results were also observed in the previous work44. Note
that GGA values are 2.54 (0.84) eV and 1.07(- 0.63) eV
in Li-rich (N-rich) conditions for VLi−I and VLi−II sys-
tems, respectively. Hence VLi−II is more stable under N-
rich condition either using LSDA or GGA, which is also
in agreement with the available experimental data.35,48
The structural relaxation shows that the optimized bond
lengths LiI-N and LiII-N in VLi−I system are 1.80 A˚ and
1.97 A˚, respectively which are comparable with those of
pristine Li3N which are 1.81 A˚ and 1.97 A˚ respectively.
Thus, no significant structural changes are noticed in
VLi−I system. On the other side, generating a Li-II va-
cancy causes the LiII-N optimized bond length to reduce
by 0.1 A˚ when compared with that of pristine Li3N, while
bond lengths remain unaffected along the c-direction.
The spin-polarized calculations (see Fig.2(b,c)) reveal
that in both the systems (VLi−I,VLi−II) Li vacancies in-
duce magnetic moments of 1.0 µB, and the magnetic mo-
ments are mostly localized around the N atoms near to
the Li vacancies. Fig.2(b) shows the spin-polarized band
structure of VLi−I, where one can see that the spin-up
states are occupied and the spin-down states are partially
occupied. Large spin-polarization near the Fermi energy
in the valence band indicates that Li vacancy induces
holes in Li3N. It is expected that creating a Li vacancy
(Li-I or Li-II) can cause the oxidation state of N-anion
to change from N3− (pristine Li3N) to N
2− (VLi−I or
VLi−II system), thus inducing a hole in the minority spin
states of N-p orbitals, consistent with the Hund’s rule.
A local magnetic moment of ∼ 0.47 µB is observed at
N site close to the Li vacancy in VLi−I system and ∼
0.39 µB for VLi−II system. The band structure of VLi−II
(Fig.2(c)) has a similar feature to VLi−I except large mi-
nority bands at the Fermi energy. To elucidate the atomic
origin of Li-vacancy driven magnetism in Li3N, we show
the calculated spin-polarized total and atomic projected
partial density of states in Fig. 3(b,c). A narrow minor-
ity band in the bandgap of Li3N, including the Fermi
energy (EF), is evident from the total DOS and PDOS
plots of VLi−I system(Fig. 3(b)), which is contributed
mainly by the p-orbitals N atoms nearest to the Li-I va-
cancy. One can see that the spin-up states are completely
occupied, whereas the spin-down states are partially oc-
cupied consistent with the band structure. The PDOS
shows that the partially unoccupied spin-down states are
mainly contributed by the N-p orbitals. Note that the N-
p orbitals are completely occupied in the pristine Li3N.
Hence, Li vacancy introduces holes which are mostly lo-
calized around the N atoms, and it is expected that these
holes will mediate the long-range (ferro)magnetism in
Li3N. A small spin polarization is also seen in the distant
N-p orbitals. No spin split is obvious at the Li sites (Li-I
and Li-II). In Fig.3(b), Li-II (Li-I) are near (far) to VLi−I.
The only difference observed for Li-s orbitals, when com-
pared with those of pristine Li3N [Fig. 3(a)] is that these
orbitals are driven close to the EF after inducing the (Li-
I) vacancy, thus reducing the bandgap. Hybridization of
Li-s and N-p orbitals can be observed at ∼ 2 eV below
FIG. 3. (Color online) The calculated spin-polarized elec-
tronic total and atom projected density of states of pristine
2× 2× 2 supercell of Li3N (a) Li-I vacancy (b), Li-II vacancy
(c), C doped at Li-I (d), C doped at Li-II (e), N-vacancy (f),
and C doped at N site in Li3N(g). Black lines show the to-
tal DOS, whereas red and green lines represent the p and s
orbitals of N/C and Li atoms, respectively. The vertical lines
show the Fermi energy which is set to zero eV.
the Fermi energy level. We also observed a slight differ-
ent behavior in the PDOS of VLi−II system(Fig. 3(c)),
where one can also see some small spin-polarization at
the Li sites (mainly Li-II, which is near to VLi−II), and
the Li-s orbitals are shifted more towards the Fermi en-
ergy as compared with VLi−I system(Fig. 3(b)). One can
also see small exchange splitting, which leads to magnetic
moment, at N site in VLi−II. To further see the spin-
polarization induced by Li vacancy, we show the spin
density around the Li-II vacancy, e.g., in Fig.4(a), where
one can clearly see a large spin-polarization around the
N atoms near to Li-vacancy. Similar magnetic moments
were also observed in the GGA calculations.
B. C doped at Li sites
In the above sections, we have shown that VLi−I and
VLi−II can induce magnetism due to holes which reside
on N atoms. It would also be interesting to see whether
carbon can induce magnetism in Li3N when doped either
at Li-I or Li-II site. Previous work show that TM (Fe,
5Co, Ni, Cu) prefer the Li-I site and can induce a large
magnetization in Li3N.
49,50 Here we investigate doping
of C atom at the two possible Li (Li-I and Li-II) sites in
bulk Li3N and propose two further systems; C doped at
Li-I site (CLi−I) system and C doped at Li-II site (CLi−II)
system. The calculated formation energies (using Eq. 2)
for CLi−I and CLi−II systems are 3.06 (-0.04) eV and
6.53 (3.42) eV under Li-rich (Li-poor) condition, respec-
tively. Therefore, it is expected that doping C at Li-I
site( CLi−I) is thermodynamically more stable under N-
rich condition as compared with CLi−II, similar to TM
in Li3N.
49 Such thermodynamic stability is accompanied
by a structural distortion around the C atoms. We also
analysed the atomic positions, and the structural analysis
of the CLi−I system reveals that the optimized C-N bond
length is 1.44 A˚ which is 1.81 A˚ for LiI-N in pristine Li3N.
Thus replacing Li-I by C atom reduces the bond length
by ∼0.40 A˚. Similarly when the LiII-N and LiII-LiII bond
lengths in CLi−I system are compared with those of pris-
tine Li3N, we found the mentioned bond lengths are elon-
gated by ∼ 0.1 A˚ and 0.07 A˚, respectively. Thus signif-
icant structural changes are observed for CLi−I system,
which is attributed to the smaller atomic size of C as
compared with the atomic size of Li.
To search for possible magnetism in CLi−I system,
we calculated the band structure using spin-polarized
DFT. The spin-polarized electronic band structure (see
Fig. 2(d)) shows no spontaneous magnetism (no exchange
splitting) and the calculated magnetic moment is zero.
Though C at Li-I site is thermodynamically stable as
compared with Li-II, but does not induce any magnetism.
Fig. 2(d) clearly shows that doping C at Li-I induces
metallicity in Li3N. Comparing Fig. 2(d) with Fig. 2(a),
one can see that the Fermi energy lies in the conduction
band, and there are three bands that cross the Fermi en-
ergy. Our detailed PDOS (see Fig. 3(d)) analysis show
that these bands are mainly contributed by the C and
N p-orbitals. One can also see some C-driven Li-s states
at the Fermi energy. Previous work indicate that Co
or Ni doping at Li-I site can reduce the energy band
gap and even change Li3N from a semiconductor to a
metallic-like conductor, which has the advantage of both
electronic and ionic conduction.49,50 As Li3N shows neg-
ligible electronic conduction,? which restricts its appli-
cation as anode material in rechargeable lithium batter-
ies. Therefore, C doping at Li-I site changes Li3N from
a semiconductor to a metallic-like conductor and it can
help in the electronic conduction that may have appli-
cations in rechargeable lithium batteries. Doping C at
Li-I site was expected to induce magnetism in bulk Li3N
but the result was contrary to our expectation due to
structural distortion (and small C-N bond length) which
is quenching the spin-magnetic moments of p-orbitals of
C atoms. Due to a small C-N bond length, the p orbitals
overlap so densely, thus leaving no uncompensated spin
which is further confirmed by the total and atom pro-
jected DOS of CLi−I system. The absence of magnetism
in this case is different from TM doped Li3N where TM
 
FIG. 4. (Color online) Spin density of VLi−II (a), CLi−II (b),
and CN (c), where atoms are labeled as C, N, Li, and the Li
vacancy is represented by V.
carries local spin magnetic moment.49,50
Contrary to CLi−I, doping C at Li-II site results in less
structural changes. The calculated C-N bond length is ∼
2.04 A˚ which was 1.97 A˚ (LiII-N) in pristine Li3N before
replacing Li-II by C, thus C-N bond length is increased
by 0.07 A˚ after doping. Similarly, the bond lengths C-LiII
(CLi−II system) and LiII-LiII (pristine Li3N) are 1.92 A˚
and 1.97 A˚, respectively. Whereas no significant changes
in bond lengths are noticed along the c-direction. As the
relaxed bond length of C-N (2.04A˚) in CLi−II is larger
than the C-N bond length (1.44A˚) in CLi−I and less struc-
tural distortion is observed in CLi−II, hence weak hy-
bridization, which will lead to some magnetic moments,
is expected. Doping C at Li-II site creates a hole in the
N orbital and therefore a net magnetic moment of 1.0
µB per cell is observed. Detailed analysis of Mulliken or-
bital populations demonstrates that the local magnetic
moment observed for C is ∼ 0.316 µB, and each three
N atoms surrounding the C atom have a local magnetic
moment ∼ 0.23µB. This is interesting to note that the
magnetic moment is not mostly localized around the C
atoms, but also spreads to its nearest N atoms. The spin-
polarized electronic band structure of CLi−II system is
also shown in Fig. 2(e). The spin-up states are completely
occupied and has band gap (≥ 1.0 eV) at G-point, on the
other hand the spin-down band is partially occupied and
has large states at the Fermi energy— a half-metallic
band structure. A further insight into the magnetic na-
ture of the CLi−II system is gathered from the total and
atom-projected DOS (see Fig. 3(e)), which displays an
impurity-driven band in the band gap of the Li3N that
includes EF. This impurity band is mainly contributed
by the partially occupied minority spin states of C and N
p orbital. Hybridization between the N-p and C-p orbitals
can be viewed particularly near EF where the majority
spin states are completely filled while the minority spin
states are partially empty, thus leading to a significant
spin-split at the Fermi energy. A small spin polarization
at the Li-I site is also visible in the PDOS plot. The hy-
bridization of Li-s orbitals with the p-orbitals of N and
C near the Fermi energy and also deep in the valence
band is visible. The impurity bands contributed by the
C atoms have a high density in the majority spin states
near the top of the valence band. C doping has also
driven the N-p states closed to the Fermi level, where its
minority spin states have been moved higher above the
valence band maximum as compared to the C-p minor-
ity spin states. Fig.4(b) further illustrates that the spin
6density is not only localized at the C site, but also spread
over the nearest N atoms. The spin density around the
N atoms are not spherically distributed but has dumb-
bell like shape where the density decreases towards the
Li atom.
It is important to discuss that CLi−I is more stable
and non-magnetic either using LSDA or GGA calcula-
tions. The Li-I type atoms connect the Li2N layers and
the bond length of LiI-N is smaller than the LiII-N. Car-
bon also has a smaller atomic size as compared with Li
atomic size, hence strong C-N bond is expected when C
is doped at Li-I site. The Li3N structure can be thought
as Li2-IILi1-IN. The Li-I atoms form a free layer and
it would be easy to dope Li-I atoms with the impurity
atoms. On the other hand, the Li-II atoms form a net-
work in the Li2N plane in the Li3N structure, and hence
it is expected that the N-px/py orbitals will overlap with
the Li atoms and it can cost more energy to dope impu-
rity atoms at Li-II site. The minority unoccupied spin of
N/C-p orbitals are responsible for the larger formation
energy. It is also important to compare the magnetism
driven by C in Li3N with TM doped in Li3N. TM doped
at Li-I site is thermodynamically stable and has magnetic
ground state,49,50 in our case doping C at Li-I site is ther-
modynamically more stable as compared with Li-II site.
However, C does not induce magnetism when doped at
Li-I site, but it only induces magnetism when doped at
Li-II site. The TM carries a local d-electron magnetic
moment, so with in the diluted limit magnetism can be
expected in TM-doped at either sites (Li-I or Li-II) in
Li3N.
C. N vacancy
Another possible intrinsic defect in Li3N is N-vacancy
and in this section we focus on the electronic structure of
N-vacancy VN, which is created at the center of Li2N
plane. The calculated defect formation energy (using
Eq. 1) is 2.10 (5.20) eV in Li-rich (N-rich) environment.
N vacancies in Li3N are possible in Li-rich condition.
The defect formation energy of VN is larger than the
Li-vacancies, and hence it indicates that the most prob-
able defects in Li3N could be the Li vacancies either Li-I
or Li-II. The LiI-N and LiII-N bond lengths are found
to be ∼ 1.76A˚ and ∼ 1.92A˚, respectively. Similarly the
calculated LiII-LiII bond length in VN system is 2.08A˚,
whereas in pure system it is 1.97A˚. When compared with
the pure system, the optimized bond lengths LiI-N and
LiII-N of VN system are reduced by 0.05 A˚, while LiII-LiII
is increased by 0.11 A˚ after relaxing the structure. Each
N in Li3N is surrounded by eight Li atoms and removing a
single N atom results in the formation of a local Li8-type
cluster, which is non-magnetic. Therefore, no magnetism
is induced through N vacancy in Li3N. The spin-polarized
electronic band structure (Fig. 2(f)) reveals no signature
of magnetism and zero magnetic moment is observed.
Fig. 2(f) shows that the Fermi energy is shifted towards
the conduction band as compared with Fig. 2(a), hence
VN behaves as n-type impurity in Li3N and large N va-
cancies can result metallicity in Li3N. To further analyse
the origin of impurity-driven bands in the band gap, we
show the calculated total and atom-projected DOS of the
VN in Fig 3(f). Fig 3(f) shows that the impurity band
in Fig. 2(f) is mainly contributed by the Li-s electrons,
particularly by Li-I . Note that the Li-s and N-p orbitals
were completely occupied in the pristine Li3N, but the N
vacancy delocalises these orbitals and can give metallic-
like character in Li3N. Absence of the spin split in the
DOS emphasizes that creating a N vacancy in the bulk-
Li3N does not induce magnetism. Similar results were
also observed in the GGA calculations.
D. C doped at N site
To dig another possible source of magnetism in bulk
Li3N, we considered doping C at the N site (CN) and
investigated its electronic and magnetic structure. The
calculated defect formation energies of CN under N-rich
and Li-rich conditions (using Eq. 2) are 5.51 eV and
2.41 eV, respectively, which is less than CLi−II system.
Thus C doping at the N site is thermodynamically more
favourable as compared with CLi−II. When the relaxed
atomic coordinates of this system are analysed, it is no-
ticed that the optimized bond lengths LiII-C and LiII-
LiII are increased by 0.06 A˚, and the LiI-C is increased
by 0.07 A˚, when C is doped at the N site in bulk Li3N.
To further confirm the observed bond length expansion
of the CN system, we performed extra calculations and
optimized the lattice constant a of 2× 2× 2 supercell of
the CN system using the total energy calculation method.
The calculated optimized lattice constant a of CN system
is 3.47A˚, and that of pristine system is 3.42A˚. The lat-
tice constant of the unit cell of CN system is increased by
0.05 A˚. Hence, it is to infer that the Li3N crystal struc-
ture shows expansion after doping C at the N site. Such
increase in the bond length is mainly attributed to larger
atomic size of C as compared with the atomic size of N.
Our spin-polarized calculations show that C induces a
large magnetic moment when doped at N site in Li3N—
the calculated total magnetic moment with GGA and
LSDA is 1.0 µB, which is arising mainly due to the un-
compensated spin in the C-p orbitals. In CN system C is
doped at anion site (N), hence it is expected that C will
be in C3− anioin (s2p5) state. Detailed analysis of the
Mulliken orbital populations reveals that the maximum
contribution of ∼ 0.82 µB is received from the C atom,
and some magnetic moment of ∼ 0.09 µB is induced in
the surrounding N atoms. The far N atom also has a lo-
cal magnetic moment of ∼ 0.02 µB. The strength of local
magnetic moments is found to decrease with increasing
distance from the C atom. Nonzero spin-polarization of
the Li orbitals was also observed.
Figure 2(g)shows the spin-polarized band structure of
CN where large spin-polarization near the Fermi energy
7is visible. The Fermi level lies on the top of the va-
lence band, similar to Li-II vacancy, and the majority
spin states are completely occupied whereas the minor-
ity spin states are partially occupied–a half-metallic band
structure. Similar to Li-II vacancy system, C mainly po-
larises the valence band suggesting that C introducing
holes in Li3N. The total and atom-projected DOS cal-
culations interpret further the magnetic behavior of the
CN system (see Fig 3(g)). An impurity derived peak
contributed by the C-p orbitals is observed in the band
gap of Li3N, which includes EF. The PDOS also shows
the hybridization of Li-s, N-p, and C-p orbitals at EF.
The Fermi energy region is dominated by the C-p or-
bitals, having a high density of states. C doping also
induces spin polarization in N-p and Li-s orbitals. The
majority and minority spin states of C are localized in EF
region, below and above the valence band maximum, re-
spectively. C doping also raises the Li-s and N-p orbitals
in energy. The magnetism driven by C (s2p5) doping at
N (s2p6) site is due to the hole in the C-p minority spin
state, which results in a total magnetic moment of 1.0 µB.
We also analysed the spin-density of CN (see Fig. 4(c))
and the magnetic moment is mainly localised around the
C atom and small polarization at the N site can also be
seen. Note that in CLi−II case the spin density was not
mainly localised around the C atom, but spread over the
N atoms as well.
In the above section, we found that CN is magnetic and
has a smaller formation energy than CLi−II. To further
qualify CN system experimentally, it is very essential to
investigate the magnetic coupling between the C spins,
so we doped two C atoms at the N sites in a 2 × 2 × 2
supercell. The total energies were calculated in the ferro-
magnetic (FM) and antiferromagnetic (AFM) states, to
estimate the strength of exchange interaction J which is
predicted as, ∆E = EAFM − EFM . Here EAFM (EFM )
is the total energy of the two C-doped CN system per su-
percell in the AFM (FM) state. We consider two different
configurations of the two C-doped CN system, depending
on the position of the C atoms, where one of the C atoms
(denoted as C0 in Fig.1(b)) is fixed at the center while
the position of the other C atoms (denoted as C1 and
C2 in Fig.1(b)) is altered. The spin polarized calcula-
tions confirm that the electronic band structures retain
their half-metallic character for both the systems. The
magnetic moment, in both cases, is determined to be 2.0
µB per supercell, i.e.,1.0 µB per C atom. In one of the
systems, we doped the second C (C1) at the center of
the adjacent Li2N layer, such that both of the C atoms
occupy the central positions in the adjacent Li2N layers,
and the C atoms are connected through Li-I atoms, i.e,
it forms a linear chain C-Li-I-C parallel to the c-axis, and
C0-C1 distance is 3.63A˚. We found that FM state is more
stable than AFM state by 0.12 eV/supercell, and the de-
fect formation energy is 5.54 eV per C atom. Using the
calculated ∆E, the estimated J within the Heisenberg
nearest neighbor model is about 30 meV.51 In the other
model, one of the C is fixed at the center of Li2N layer
while other C atom (denoted as C2) is positioned in the
adjacent Li2N layer at a distance (C0-C2) of 4.98 A˚ w.r.t
the first C0 atom. In this case ∆E ∼ 0.07 eV/supercell,
and the estimated J is about 8.75 meV51, whereas the
defect formation energy is 5.47 eV per C atom. There-
fore, in both cases we always found that FM state is
more stable than the AFM, and J decreases with C-C
separation. No clustering of C atoms can be expected.
Therefore, based on our extensive DFT calculations, fer-
romagnetism is expected if C is engineered at the N site
in Li3N.
IV. SUMMARY
To summarize, using ab-initio calculations, we investi-
gated possible defects-driven magnetism in bulk α-Li3N.
We analysed that Li vacancies (Li-I, Li-II) are signifi-
cant for establishing magnetic moments (∼ 1.0 µB) and
half-metallic character in Li3N. Li vacancy induces a hole
localized in the N-p orbitals which is expected to me-
diate long range (ferro)magnetism in Li3N. The forma-
tion energy of Li-II vacancy under N rich condition is
least among all kinds of vacancies, and therefore expected
to be more probable defect in bulk Li3N. N vacancy in
Li3N is non-magnetic but can be crucial for conduction.
Our calculations also revealed that carbon doping at the
atomic sites (Li-II, N) can exhibit magnetism (∼ 1.0 µB)
in Li3N, whereas C doping at Li-I site does not favor
magnetism due to large structural distortion, but having
low formation energy under N rich condition–this defect
is significant for electronic conduction in Li3N. The cal-
culated formation energies emphasized that C doping at
N site is more favorable than at Li-II site. The impurity
induced hole in CN system and is expected to mediate
ferromagnetism in the host material, and the spin den-
sity is found largely localized at the dopant site. We
also examined the magnetic coupling between impurity
induced spins in C-doped Li3N and analysed that it has
a ferromagnetic ground state. Our analysis suggests that
defect-driven magnetism in Li3N can be a possible can-
didate for DMS at room temperature. Therefore, further
experimental work would be required to confirm our the-
oretical prediction and propose a new DMS system.
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